Multiwall carbon nanotubes (MWNTs) decorated with CoO nanocrystals were synthesized by in-situ thermal decomposition of Co(acac) 2 in oleyl amine under reflux conditions open in the air. The CoO/MWNTs composite material can be easily converted to metallic Co/MWNTs through annealing under reducing atmosphere (4% H 2 ) at 500
Introduction
In the past several years, there has been a growing interest in synthesizing carbon nanotube-(CNT-) inorganic nanocrystals composites including magnetic, semiconducting, and optic materials [1] . Due to their high specific surface area, electrical conductivity, and chemical stability, carbon nanotube nanohybrids are assumed ideal materials for catalytic applications, from fuel cells to heterogeneous catalysis, for hydrogen storage and finally for chemical and biochemical sensing applications. Among inorganic materials, magnetic particles have been studied more extensively for the functionalization of carbon nanotubes. This is related to their promising applications in the fields of nanoprobes for magnetic force microscopy, wastewater treatment, biosensors, and drug delivery [2] [3] [4] [5] . Several approaches, including in situ decoration in liquid phase [6, 7] , electrochemical reduction [8] , electrophoretic deposition [9, 10] , vapourliquid-solid (VLS) deposition [11] , substrate-enhanced electrochemical reduction, nanoparticles decoration on chemically oxidized CNT, or chemically functionalized side walls [12] [13] [14] [15] [16] [17] have been attempted to prepare CNT-inorganic nanocrystals composites. In recent years cobalt and its oxide nanostructures have attracted much attention because they show interesting magnetic properties which may find potential applications in magnetic sensors and data storage devices.
In this work, we describe the decoration of carbon nanotubes with CoO nanoparticles and the transformation of CoO in metallic cobalt through thermal treatment under reducing atmosphere. The method is facile, based on environmental friendly raw materials, inexpensive, and reproducible for the large-scale synthesis of analogous composite nanomaterials. These hybrid structures may combine the applications of the bare nanotubes structures and potentially enhance their properties giving considerable impact on the potential applications of nanotubes. For example, the decoration of carbon nanotubes with Co-based oxides [18] has been shown to enhance the electrochemical capacitance when the composite is used as an electrode material. These composite materials may also show enhanced catalytic properties for industrial applications, or they can be used for electronic devices, biosensors, magnetic data storage devices, toners and inks for xerography, and also in magnetic resonance imaging. We show here through magnetic characterization that the as-synthesized sample is composed of CoO nanoparticles. In the annealed samples, the presence of ferromagnetic Co is detected by magnetic and NMR measurements. Furthermore, the NMR measurements demonstrate the allotropic phase transformation of nanometric Co particles in the annealed samples and provide evidence for slow fluctuations of uncompensated spins in CoO nanoparticles which are still present in the sample annealed at 500
• C.
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Experimental Section
It is well known that the thermolytic decomposition of various inorganic salts in oleyl amine leads to the formation of the corresponding oxide and in some cases in metallic nanoparticles due to the mild reduction properties of aliphatic amines [19] . The decoration of MWNT with CoO nanocrystals was carried out in a spherical flask under reflux conditions. The flask is charged with a mixture of 20 mL of oleyl amine, 200 mg MWNT, and the mixture was sonicated for 5 min in order to achieve a good dispersion. Following, the mixture was heated at 100
• C and 0.25-0.75 mmol of Co(acac) 2 in 5 mL oleyl amine were added dropwise under vigorous magnetic stirring. The reaction completed at the reflux point for 1 h opened to air. After cooling the reaction mixture at room temperature, the crude solution was separated by centrifugation and the composite material was washed several times with ethanol in order to remove the oleyl amine excess and the byproducts. Finally, the washed CoO/MWNTs materials were dispersed in few 5 mL ethanol and dried at room temperature by spreading on a glass plate. The annealing of the as-made materials carried out at under continuous flow of 4% H 2 -96% Ar gas mixture.
The crystal structure of the composite materials was characterized by X-ray powder diffraction (XRD) (Siemens D 500 Cu Ka radiation). The morphology was investigated by using transmission electron microscopy (TEM). The annealed materials were additionally characterized by NMR spectroscopy. Magnetic properties were measured using a commercial Physical Properties Measurement System (PPMS) from Quantum Design. • C. The sample that annealed at 500
Results and Discussion
• C shows the presence of fcc metallic Co which is the main phase but also the presence of hcp metallic Co and fcc CoO. After annealing at 700
• C, the fcc Co is the dominant phase with the presence of traces of CoO. The enhancement of the intensity and the narrowing of the fcc peaks in the xrd patterns for the annealed samples is due to an increase of the average particle size and the better crystallinity following the thermal treatment.
The TEM images from the 25% CoO/MWNTs composite material are illustrated in Figure 2 . From these images, it is observed that almost all the carbon nanotubes are decorated on the external surface with numerous nanoparticles, and there is no evidence for isolated particles. The majority of the particles have nearly spherical shape with about 10 nm diameter. Also there are some larger particles with diameter between 20-30 nm. The single crystallinity of the particles was established by the high-resolution TEM (HR-TEM) images. The TEM images of the 25 wt% CoO/MWNTs composite material after the thermal treatment at 500
• C under 5% H 2 95% Ar atmosphere are presented in Figure 3 . The average particle size after the thermal treatment is 20 nm.
It is worth to mention that the as-made composite CoO/MWNTs materials are well dispersible in nonpolar organic solvents such as hexane. This was probably due to the surface functionalization of probably both carbon nanotubes and CoO particles by the oleyl amine molecules. Figure 4 (a) shows the FT-IR spectrum from the 25% CoO/MWNTs composite material. The spectrum shows strong absorption bands at 2926 and 2850 cm −1 due to the CH 2 stretching of the aliphatic chains, whereas a weak peak at 3006 cm −1 is characteristic of the cis -HC=CH-arrangement in the oleyl amine. The peak at 1626 cm −1 is due to the ν(C=C) stretching mode while the band at 1452 cm −1 is due to the CH 2 scissor. The very broad peak in the 3430 cm −1 region is due to the ν(N-H) stretching mode, and the band around 1550 cm −1 is probably due to the NH 2 scissoring mode which because of the shifting at lower wavenumbers (1595 cm −1 in unbonded oleyl amine) suggests that oleylamine is adsorbed with the NH 2 group intact. These results strongly indicate that the surface of MWNTs and CoO nanocrystals are modified with oleyl amine molecules. 
Magnetic Characterization.
The DC magnetic measurements of the samples were carried out using a PPMS (Quantum Design). To perform the zero-field-cooled (ZFC) measurement, the sample was cooled down to 5 K under zero applied field and then the data were collected applying 1000 Oe field while warming from 5 K to 300 K. The magnetization (M) versus temperature (T) data in the ZFC mode shows a sharp rise in magnetization at lower temperatures as shown in Figure 5 . This trend follows the Curie-Weiss law (M = C/(T − θ), C and θ being the Curie constant and Weiss temperature, resp.) for a paramagnetic material. The observed low-temperature Curie tail of the CoO/MWNTs composite ( Figure 5 ) may be attributed to the uncompensated spins (Co 2+ ) at the surface of CoO nanoparticles [20] . It is known that the Weiss temperature θ is a measure of exchange interaction between spins; a positive (negative) θ represents ferromagnetic (AFM) interaction [21] . The Weiss temperature was determined by fitting a line to the 1/M versus T data. The straight line was extrapolated to the T axis, and the fitting result shows θ = 180 K. This is consistent with the expected antiferromagnetic ordering in CoO NPs.
It is to be noted that bulk CoO is an antiferromagnet with Néel temperature (T N ) ∼ 293 K [22] . However, in this study, the T N peak is not observable due to the mainly paramagnetic nature of the CoO nanoparticles [20] . Some recent studies show that the value of T N may change with variation in size of AF nanoparticles [23] . Néel proposed that antiferromagnetic (AF) nanoparticles may exhibit superparamagnetism and weak ferromagnetism (FM) due to the uncompensated spins on the surface of the nanoparticles [22] . In our sample, the increased magnetization below 50 K indicates that the surface effect resulting from the increasing number of spins at the surface shell for small size nanoparticles (<20 nm). This would imply that surface magnetic ordering dominates in this system over the bulk From this measurement, it is clear that magnetization does not saturate even at higher field which is consistent of the paramagnetic or antiferromagnetic nature of CoO/MWNTs composite. The positive slope observed at higher fields is caused by the susceptibility of the CoO shell. In both sets (ZFC-FC) of measurements, the shape of the hysteresis loop can be divided into two parts: an "S"-shaped curve at the lower field region and a linear behavior with positive slope at higher field. The M-H curvature ("S") could be associated with the weak ferromagnetic contribution from the uncompensated surface spin of CoO nanoparticles. Whereas the linear portion corresponds to the paramagnetic or antiferromagetic CoO nanoparticles [24, 25] . This magnetic behavior seems to indicate that the CoO nanoparticle system can be described as a core-shell structure. A small coercivity observed in this sample indicates that there is a weak ferromagnetic interaction (inset Figures of 6(a) and 6(b)) present at the low temperature. This type of magnetic behavior has been observed in CoO nanoparticles when the particle size is less than 16 nm [26] . The above M-H result is also consistent with the results obtained from the M-T measurement.
The room temperature M versus H data were measured for the sample annealed at 500
• C as shown in Figure 7 It should be noted that Co/MWNT has higher saturation magnetization compared to CoO/MWNTs. The higher M s value of Co/MWNT reveals that the CoO/MWNTs composite has largely transformed into ferromagnetic Co/MWNT composite after high-temperature annealing under reducing atmosphere. Although the magnetization of a nanoparticle is somewhat different from its bulk counterpart, the quite low value of saturation magnetization here indicates that a small quantity of metallic cobalt is present in this composite. 
NMR
Figure 8: (a) A comparison between the 59 Co NMR spectra for samples annealed at 500
• C and 700
• C, as measured at 300 K. (b) 59 Co NMR spectra at selected temperatures for both samples. The inset shows the temperature dependence of the Larmor frequency v L , that is, the local magnetic moment, for the unfaulted fcc structure.
nuclei which have natural abundance 100% (as compared to 1.108% for 13 C nuclei). 59 Co NMR spectroscopy gives microscopic information on the structure and the local magnetic properties of the present magnetic materials. Furthermore, here, in contrast to nonmagnetic materials, one can perform zero-field 59 Co NMR due to the spontaneous hyperfine fields present at the nuclear sites [27] .
We have carried out 59 Co spin echo NMR measurements on a home built spectrometer operating in the frequency range 5-600 MHz. Due to the large width of the resonance lines, the 59 Co (nuclear spin I = 7/2, gyromagnetic ratio γ/2π = 10.0541 MHz/T) NMR spectra were acquired by sweeping the frequency (spin-echo point by point method). At each frequency, a usual t p − τ − t p pulse sequence was employed and the spin echo amplitude was measured. The typical value of the pulse length was t p = 1 μs, and the separation between the two rf pulses was τ = 8 μs. The nuclear spin-lattice relaxations time T 1 was acquired by measuring the recovery of the nuclear magnetization following a short sequence of saturating radio frequency pulses. The NMR measurements were carried out in the temperature range 69-340 K by employing an Oxford 1200 continuous flow cryostat.
The zero field 59 Co lineshape measurements were performed on the as-made and the annealed samples. In the case of the as-made sample, the observation of the zero field 59 Co signal from the CoO phase, or from a minority metallic phase was not feasible for measurements carried down to 70 K. The as-made sample was then heated under reducing atmosphere at two different treatment temperatures, that is, 500
• C for 30 min. The annealing of the samples gives rise to a ferromagnetic component and the observation of the zero field 59 Co NMR was feasible for both samples. Figure 8(a) shows the 59 Co NMR spectra acquired at 300 K from the samples annealed at 500 and 700
• C. The comparison of the two samples shows considerable differences. In the case of sample annealed at 500
• C, the 59 Co NMR signal spreads from 210 to 225 MHz, and a well-resolved peak is observed at 213.3 MHz. The position of this peak corresponds to the unfaulted fcc structure of metallic cobalt (213.1 MHz) reported in the literature [28] . The long tail observed at higher frequencies is the fingerprint of different structural components coexisting with the fcc structure. Specifically, the unfaulted hcp structure of Co is expected at 221 MHz [29] and is broader than the corresponding fcc peak due to the quadrupolar interactions with the non cubic crystalline field. In the frequency range 213.1-221 MHz, the signal is coming from different types of stacking faults (sf 1 , sf 2 , sf 3 , and sf 4 in Figure 8(a) ) [30, 31] . According to [30, 31] , the sf 1 (214 MHz) and sf 2 (215.5 MHz) faults correspond to one stacking error in the fcc sequence (fcc twin faults, or two consecutive hcp deformations). On the other hand, the stacking faults sf 3 (217 MHz) and sf 4 (219 MHz) correspond to one stacking error in the hcp structure (hcp twin fault, or two stacking faults in fcc). The rf enhancement factor of the NMR signal was found to be the same throughout the 59 Co spectra, thus, the spectral areas of the distinct components are representative of their relative ratio. On the other hand, the spectrum of sample annealed at 700
• C shows a single peak which is considerably narrower (Figure 8(a) ). The peak is centered at 213.1 MHz which is the resonance frequency of the unfaulted fcc structure, while no signal is observed at frequencies corresponding to the hcp Co resonance, or to stacking faults. We have continued our experiments at lower temperatures (Figure 8(b) ) where the sensitivity is higher and we have found no traces of the hcp structure in sample annealed at 700
• C for measurements performed to temperatures as low as 69 K. Thus, the thermal treatment at 700
• C gives rise to phase transformation of the hcp structure to the fcc and also to disappearance of the faulted phases. Similar behavior has also been observed in bulk Co [32] and in polycrystalline cobalt with μm particle size [33] . By decreasing temperature, the NMR peaks move to higher frequency for both samples. The temperature dependence of the Larmor frequency v L (proportional to the local magnetic moment) for the unfaulted fcc structure is plotted in the insert of Figure 8 (b) for both annealed samples. The Tdependence of v L is the same for both samples and agrees with the reported temperature behavior observed in the bulk Co metal [34] .
As we have seen so far, the annealing of the samples under reducing atmosphere leads to important structural modifications which have been probed by NMR lineshape measurements. Significant information was also obtained by 59 Co spin-lattice relaxation measurements. The temperature dependence of 59 Co spin-lattice relaxation rate, 1/T 1 , is presented in Figure 9 . The measurements were performed at the position of the fcc peak. In case of the sample annealed at 500
• C, the spin-lattice relaxation time measurements were also performed along the high-frequency tail of the NMR line but no significant difference in 1/T 1 was found. For the sample annealed at 700
• C, the relaxation rate 1/T 1 follows a linear temperature dependence with a slope (12.8 ± 0.3) s
This linear temperature dependence is commonly found in 3d ferromagnetic metals and is attributed to fluctuations of the orbital current of the d band electrons [35] . The value of the slope we have found here is in agreement with the literature [36, 37] . A different T-dependence of 1/T 1 is observed for the sample annealed at 500
• C, where a broad peak is superimposed on the underlying linear temperature dependence. The peak in 1/T 1 is representative of magnetic • C and 700
fluctuations but is uncommon in 3d ferromagnetic metals. We note here that the annealing at 500
• C under reducing atmosphere has lead to partially reduction of CoO and thus to coexistence of metallic Co and CoO phases. Even though the 59 Co NMR measurements performed here are for Co nuclei in ferromagnetic metallic regions, the relaxation rate 1/T 1 can still be sensitive to fluctuations of a coupled system, that is, the uncompensated spins of the CoO grains. A similar behavior of 1/T 1 is reported in [38] where the effect of oxidation in the spin-lattice relaxation rate of Co-based ferromagnetic nanowires was studied. The enhancement of the spin-lattice relaxation rate in [38] was attributed to the thermal fluctuations of the uncompensated spins of CoO grains at the surface of the wires. A similar scenario can be invoked here to explain the enhancement of the relaxation rate in the sample annealed at 500
• C. On the other hand, for the sample annealed at 700
• C, an almost perfect reduction of CoO has been achieved and the relaxation rate 1/T 1 is showing the typical linear T-dependence.
Conclusions
Nanocomposite CoO or Co/carbon nanotubes materials were synthesized by one pot chemical route. The structural and chemical phase transformation of CoO/MWNTs composite was investigated using by XRD, TEM, magnetic, and NMR measurements. The magnetic measurements reveal the existence of uncompensated surface spins on CoO nanoparticles and show weak ferromagnetic interaction at low temperatures. The CoO/MWNTs composite was annealed at 500
• C under 4% H 2 -96% Ar gas mixture resulting partial reduction of CoO. This sample consists of both CoO and metallic Co/MWNT phases. Further annealing at 700
• C gives complete reduction of CoO to fcc metallic Co Journal of Nanomaterials particles. In the sample annealed at 500 • C, the nuclear spinlattice relaxation rate gives evidence for slow fluctuations of the uncompensated surface spins. On the other hand, the nuclear spin-lattice relaxation rate in the sample annealed at 700
• C follows the typical linear temperature dependence commonly found in ferromagnetic metals. Furthermore, NMR shows that the sample annealed at 500
• C is a mixture of fcc and hcp phases with a significant percentage of stacking faults. The stacking fault sites cannot be easily probed by XRD. The annealing at 700
• C gives rise to transformation of the hcp phase to the fcc and simultaneous reduction of the stacking fault content. The magnetic characterization seems to be a complementary technique to probe the structural transformation in a small amount of sample.
